Abstract. MS-IPA1 is a new synthetic compound that is synthesized from tryptamine. Recently, our group demonstrated that SST-VED-I-1, which has a similar chemical structure to MS-IPA1, inhibits starvation-induced apoptosis in osteoblasts. However, the effects of MS-IPA1 on apoptosis in osteoblasts have not yet been examined. Therefore, this study examined the effects of this compound on apoptosis in osteoblasts. In this study, MC3T3-E1 mouse osteoblasts were used and apoptosis was induced by ultraviolet radiation (UV). We investigated the effect of MS-IPA1 on apoptosis by analyzing caspase3/7 activity, translocation of phosphatidylserine (PS), and mRNA expression levels of Bcl-2 and Bax. In addition, it was investigated whether MS-IPA1 affects cell proliferation and cell cycle progression. We found that MS-IPA1 had no effect on cell proliferation or cell cycle progression. However, MS-IPA1 suppressed UV-induced cell death in a dose-dependent manner, which was accompanied with the inhibition of caspase activation and translocation of PS. Furthermore, after UV exposure, Bcl-2 expression was increased in the MS-IPA1-treated cells as compared to that in the vehicle-treated cells. In contrast, Bax expression was decreased in the MS-IPA1-treated cell as compared to that in the vehicle-treated cells. These results suggest that MS-IPA1 has an inhibitory effect on apoptosis in osteoblasts through a Bcl-2 family-dependent signaling pathway.
Introduction
Tryptamine is one of the known trace amines (1) . Trace amines are present in the central nervous system at very low concentrations and are believed to have potent sympathomimetic actions (2) . MS-IPA1 is a new synthetic compound that is synthesized from tryptamine by a method reported in a previous paper (3, 4) . This tryptamine derivative was synthesized as part of an effort to develop drugs for the treatment of both erectile dysfunction and baldness. Its congeners have been isolated and identified as natural products of the seeds of Rollinia mucosa (Annonaceae), which is widely distributed in tropical regions of the Americas (5) . The fruit of this plant is edible and is used in folk medicine as a therapeutic agent. The chemical structure of MS-IPA1 is 1-hydroxy-N-methoxycarbonyltryptamine (Fig. 1) . MS-IPA1 is named after the initials of its inventors and its biological function: M. Somei, Inhibitor of Platelet Aggregation (MS-IPA1).
Apoptosis, also known as programmed cell death, is closely related to cell differentiation, including osteoblast differentiation. The Bcl-2 protein family plays a prominent role in the regulation of apoptosis. It is well known that the members of this family are implicated in pivotal decision points in cell survival thanks to recent functional studies focusing on the importance of mitochondrial events in cell death signaling (6) . Members of this family can be divided into two types: proteins such as Bcl-2 that suppress cell death and others, such as Bax, that appear to promote apoptosis (6) .
SST-VED-I-1 is also synthesized from tryptamine, and has the chemical structure N-nonanoyltryptamine. It is named after the initials of its three inventors and its biological function: Somei, Shigenobu, Tanaka-vasodilator, erectile dysfunction (3). A previous report has proposed the hypothesis that a tryptamine compound is metabolized in our body to the corresponding tryptamine derivatives such as SST-VED-I-1, and its biological activity can be modified to become stronger than or different from the original tryptamine compound (7) . In fact, recently, we demonstrated that SST-VED-I-1 inhibits starvation-induced apoptosis in osteoblasts, although the original tryptamine compound does not have such an effect (8) .
MS-IPA1 has similar chemical structures to those of SST-VED-I-1 (3). In addition, MS-IPA1 is readily available and can be considered to be a corresponding metabolite of SST-VED-I-1, although the structure is simplified. Taking the hypothesis described above into consideration, we have been interested in determining whether the MS-IPA1 has a similar or stronger effect than SST-VED-I-1 on apoptosis.
However, the effects of MS-IPA1 on apoptosis in osteoblasts have not yet been examined. Therefore, this study examined the effects of this tryptamine derivative on apoptosis in MC3T3-E1 mouse osteoblasts.
Materials and Methods

Cell culture and reagents
MC3T3-E1 cells were obtained from the Riken Cell Bank (Ibaragi). Cells were grown to 80% confluence in 100-mm tissue culture dishes (Iwaki, Chiba) at 37°C in the presence of 5% CO 2 in α-MEM medium (Gibco BRL, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Japan Bioserum Co., Ltd., Tokyo) and 1% penicillin-streptomycin (Gibco). Subsequently, the cells were exposed to ultraviolet radiation (UV) for 30 s using a UV transilluminator (UVP, Upland, CA, USA). After UV exposure, cells were cultured for the indicated periods of time with the indicated additives in the growth medium. The culture medium was changed every 2 days. MS-IPA1 was synthesized according to methods described in a previous report (3) . MS-IPA1 was dissolved in dimethyl sulfoxide (vehicle) to make a 10 −3 M stock solution, which was then diluted in culture medium to obtain the desired concentrations.
Cell counting assay
After the cells were cultured, they were trypsinized and resuspended in media and counted using a hemocytometer.
Cell proliferation assay
To investigate the effects of MS-IPA1 on cell growth, a colorimetric cell counting assay kit was used (Cell Counting Kit 8; Dojin Co., Kumamoto). Cells were seeded onto 96-well plates (200 cells/well) and pre-cultured for 24 h in growth media. Subsequently, cells were cultured for the indicated periods of time with each additive. After culture, we counted cells using Cell Counting Kit 8 according to the manufacturer's instructions.
Cell cycle analysis
Cells were grown to 80% confluence in 100-mm tissue culture dishes in growth medium and one of the cultures underwent cell cycle analysis to serve as a no-UV-exposure control. The other cultures were exposed to UV for 30 s and then cultured for an additional 24 h in growth media with MS-IPA1. After culture, cell cycle analysis was performed using the Click-iT TM EdU Flow Cytometry Assay Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. In brief, cultured cells were treated with 10 μM EdU (5-ethynyl-2′-deoxyuridine) for 1 h. EdU is a nucleoside analog to thymidine and is incorporated into DNA during active DNA synthesis. EdU-incorporated cells were fixed with paraformaldehyde for 15 min, washed once with BSA/PBS buffer, and permeabilized with a saponin-based buffer for 30 min. Cells were then washed once, treated with the click-reaction mixture containing Alexa Fluor 488 azide for 30 min, washed once, and resuspended in PBS buffer. Next, to measure DNA content, cells were stained with CellCycle 488-red in 1% BSA/PBS for 30 min. After staining, cells were washed twice with PBS and then cell cycle analysis was performed using an EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA, USA).
Caspase activity
Caspase activity was detected using a Caspase-Glo ® 3/7 assay kit (Promega, Madison, WI, USA). Briefly, cells were seeded onto 96-well plates (1,200 cells/well) and pre-cultured until they reached 80% confluence in growth media. Subsequently, cells were exposed to UV for 30 seconds and cultured for the indicated periods of time under the indicated culture conditions. After cells were cultured, 50 μl of caspase3/7 reagent was added to each well and incubated for 1 h on a rotary shaker at room temperature. Luminescence was then measured and recorded for each well.
Annexin V-FITC staining
To examine the translocation of phosphatidylserine (PS) from the inside to the outside of the plasma membrane, we used the ApoAlert ® Annexin V kit (Takara, Kyoto) according to the manufacturer's instructions. In brief, cells were first grown to 80% confluence in 100-mm tissue culture dishes containing growth medium and then exposed to UV for 30 s. After UV-exposure, the cells were cultured for an additional 12 h in growth media with MS-IPA1. Cultured cells were harvested by trypsinization and then resuspended in 200 μl binding buffer. Annexin V-FITC (5 μl) was added to the suspension, which was then incubated for 10 min at room temperature. After Annexin V staining, the cells were washed with PBS and then resuspended in the buffer solution for FACS analysis. The BD FACS Aria (BD Biosciences, Franklin Lakes, NJ, USA) was used for FACS analyses.
Reverse transcription-polymerase chain reaction (RT-PCR)
First-strand cDNA was synthesized from 1 μg of DNase I-treated total RNA in 20 μl of a solution containing 1× first-strand buffer, 50 ng random primer, 10 mM dNTP mixture, 1 mM DTT, and 0.5 units Super Script III RNase H − reverse transcriptase (Invitrogen) at 50°C for 1 h, and 2 μl of synthesized cDNA solution was used for RT-PCR. PCR was performed on a Smart Cycler with 35 cycles of 95°C for 5 s and 62°C for 25 s. PCR products were then separated by electrophoresis on a 2% agarose gel, which was stained with ethidium bromide and photographed. The following sense and antisense primers were used for RT-PCR: Bcl-2: forward, 5′-TGT CCA GTC AGC TGC A-3′, reverse, 5′-TGA CCC CAC CGA ACT CA-3′; Bax: forward, 5′-GGG TGG CAG CTG ACA TGT TT, reverse, 5′-CGC TCA CGG AGG AAG TCC AG-3′; and β-actin: forward, 5′-CTT TCT ACA ATG AGC TGC GTG-3′, reverse, 5′-ATG GCT GGG GTG TTG AAG G-3′.
Statistical analyses
Results are presented as means ± S.D. of triplicate cultures and differences were assessed using the Student's t-test. Significant differences (P < 0.05) are indicated by an asterisk.
Results
MS-IPA1 inhibits UV-induced cell death in a dosedependent manner
Previously, we investigated the effects of SST-VED-I-1 on starvation-induced apoptosis in osteoblasts. However, in this study, we induced apoptosis in MC3T3-E1 cells using UV exposure because starvation did not effectively induce apoptosis in these cells. First, timecourse experiments were performed. After UV exposure, cells were cultured with MS-IPA1 (10 −10 M) or vehicle for the indicated number of days and then cells were observed using phase contrast microscopy and counted. No difference was observed in the number of cells in each group on day 1 (Fig. 2: A and B) . However, cultures treated with MS-IPA1 showed a significantly blunted decrease in cell number compared to vehicle-treated cultures on day 3 and 6 ( Fig. 2: A and B) .
Next, the dose-dependence of the effects of MS-IPA1 was investigated. After UV exposure, cells were cultured with MS-IPA1 or vehicle at various concentrations for 3 days, and then the cells were observed by phase contrast microscopy and counted. The most effective concentrations of MS-IPA1 against UV-induced cell death were 10 −10 M (Fig. 2: C and D) . MS-IPA1 at 10 −11 M showed a decreased inhibitory effect on UV-induced cell death compared to 10 −10 M (Fig. 2: C and D) . However, a higher concentration of MS-IPA1, 10 −7 M, actually slightly accelerated the decrease in cell number following UV exposure rather than inhibiting it (Fig. 2: C and  D) .
MS-IPA1 has no effect on cell proliferation or cell cycle progression
Next, we examined whether MS-IPA1 affects cell proliferation and cell cycle progression. Cells were cultured in the presence of MS-IPA1 (10 −10 M) or vehicle without UV exposure for the indicated number of days, and then the cells were counted. No difference was observed in the cell growth curves of the two groups (Fig.  3 ).
Cell cycle progression was then analyzed in cells treated with MS-IPA1 (10 −10 M) or vehicle for 24 h after UV exposure. As a control, cells that did not undergo UV exposure were also examined. Cultures exposed to UV showed a significant decrease in the percentage of cells in the S phase of DNA synthesis (upper panel) compared to control cultures (no UV exposure) (Fig. 4) . However, there were no significant differences in cell cycle phase distribution among the two groups exposed to UV (Fig.  4) .
MS-IPA1 regulates apoptotic signaling pathways
Our data showed that MS-IPA1 inhibits UV-induced cell death but does not affect cell proliferation or cell cycle progression. Therefore, we next sought to deter- mine which apoptotic signaling pathways are influenced by MS-IPA1. First, we investigated the translocation of PS from the inside to the outside of the plasma membrane, which is an early event in the apoptotic process. Exposed PS can be detected with Annexin V, a protein that has a strong affinity for PS. Cells were exposed to UV and then cultured with SSH-BM-I (10 −10 M) or vehicle for 12 h. After culture, exposed PS was detected by FITC conjugated Annexin V. The percentage of Annexin V-FITC binding cells was lower in MS-IPA1-treated cultures than in vehicletreated cultures (Fig. 5A) .
Next, caspase3/7 activity was investigated. Cells were cultured under the same conditions as in Fig. 5A for the indicated periods of time. After exposure of the cells to UV, caspase3/7 activity increased significantly in vehicle-treated cultures, but the increase in caspase3/7 activity was suppressed by MS-IPA1 treatment (Fig. 5B) .
We further investigated the effects of MS-IPA1 on Bcl-2 family member mRNA expression. Cells were cultured under the same conditions indicated in Fig. 5A for 24 h, and then semi-quantitative RT-PCR was performed. The mRNA expression of Bax was decreased in MS-IPA1-treated cells compared to vehicle-treated cells (Fig. 5C, left panel) . In contrast, Bcl-2 expression was increased in MS-IPA1-treated cells compared to vehicletreated cells (Fig. 5C, left panel) . The Bcl-2/Bax ratio was significantly increased in MS-IPA1-treated cells compared to vehicle-treated cells (Fig. 5C, right panel) .
Discussion
We have demonstrated that MS-IPA1 inhibits UV-induced apoptotic cell death. Previously, we newly synthesized several compounds containing MS-IPA1 from tryptamine (3). Some of these compounds exhibited an inhibitory effect on apoptosis of osteoblasts (8) . In addition, it has been reported that SSH-BM-I, which is also synthesized from tryptamine and has a similar chemical structure to MS-IPA1, increases osteoblast number in the scales of gold fish (9) . Therefore, to elucidate the mechanism by which tryptamine derivatives modulate apoptosis and osteogenesis, it is important to investigate the effect of MS-IPA1 on apoptosis of osteoblasts.
In this study, we used UV to induce cell death in MC3T3-E1 cells to investigate the effects of MS-IPA1 on apoptosis. The number of MC3T3-E1 cells was significantly reduced by UV exposure, and this effect was accompanied by cell cycle arrest, activation of caspase, and translocation of PS. These results indicate that UVinduced cell death in MC3T3-E1 cells is apoptotic. A cell counting assay showed that MS-IPA1 suppressed UV- induced cell death at concentrations of 10 −9 -10 −10 M. However, a higher concentration of MS-IPA1 did not prevent UV-induced apoptosis. It may be possible that high concentration of this compound aggregated, which resulted in no effect on UV-induced cell death.
Our data suggests that this tryptamine derivative has a dose-dependent inhibitory effect on apoptosis. However, there is another possible explanation for the fact that the decrease in number of cells was blunted in MS-IPA1-treated cultures after UV exposure: if MS-IPA1 accelerates cell growth or interferes with cell cycle regulation, treated cells surviving UV exposure may rapidly divide irrespective of whether they are normal. This could mitigate the decrease in cell number resulting from UV exposure.
To test this possibility, we next investigated the effects of MS-IPA1 on cell proliferation and cell cycle progression and saw no effects of this compound. This finding contradicts the above-mentioned latter possibility. Therefore, we next investigated whether MS-IPA1 regulates apoptotic signaling pathways and found that MS-IPA1 suppressed the translocation of PS and the activity of a specific caspase. Caspase3 is the most prevalent caspase in cells and is responsible for the majority of apoptotic effects (10) . We further examined the expression of genes closely related to apoptosis. The sensitivity of cells to apoptotic stimuli is often regulated by the ratio of anti-apoptotic to pro-apoptotic Bcl-2 family members (6); and in this study, the inhibition of apoptosis by MS-IPA1 was accompanied by an increase in anti-apoptotic Bcl-2 mRNA expression and a decrease in the expression of pro-apoptotic Bcl-2 family member Bax mRNA (6) . On this basis, we propose that MS-IPA1 inhibits apoptosis in osteoblasts through a Bcl-2 family-dependent signaling pathway.
Our results raise the question of how MS-IPA1 controls expression of Bcl-2 family member genes. MS-IPA1 is synthesized from tryptamine, which is a trace amine (2, 3) . A family of G protein-coupled receptors (GPCRs) have been reported to be trace amine-associated recep- tors (TAAR1) (1, 2) . In addition, some amines derived from thyroid hormone decarboxylation and deiodination, known as thyronamines, have been shown to endogenously stimulate cyclic AMP (cAMP) production via activation of TAAR1 (11) . cAMP signaling regulates apoptotic events including Bcl-2 transcription (11, 12) . MS-IPA1 and thyronamines have a common basic chemical structure; thus, we set out to determine whether MS-IPA1 affects cAMP production in MC3T3-E1 cells. However, contrary to our expectations, 10 −8 -10 −10 M MS-IPA1 had no effect on cAMP production (data not shown). One recent report demonstrated that an SSH-BM-type compound induced expression of estrogen receptor (ER) mRNA (9) . We have also confirmed that SST-VEDI-1 inhibits starvation-induced apoptosis, which was accompanied by induction of ER mRNA expression (Y. Mikami et al., unpublished data). Furthermore, estrogen and ER expression are related to Bcl-2 expression and apoptosis (13 -16) , and therefore, it is also possible that MS-IPA1 suppress apoptosis through an estrogen-dependent signaling pathway.
Finally, in a previous paper, it was determined that 60% -90% of murine osteoblasts die by apoptosis, and the rest become osteocytes or lining cells in vivo (17) . Thus, MS-IPA1 may increase the osteoblasts and enhance bone formation by inhibiting osteoblast apoptosis.
